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Abstract 
This study examines the particle fragmentation of raw and torrified biomass in a drop tube furnace (DTF). Biomass 
fuels studied included pine shells, olive stones and wheat straw. Both the raw and the torrified fuels were burnt in the 
DTF at 1100 ºC. The results reported include burnout profiles and particle matter (PM) concentrations and size 
distributions measured along the DTF. The results reveal that (i) particle fragmentation does not occur during the 
combustion of raw and torrified olive stones; and (ii) particle fragmentation occurs during the combustion of raw and 
torrified pine shells and wheat straw, but torrefaction promotes particle fragmentation only in the case of the straw. 
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1. Introduction  
Particle fragmentation, which corresponds to the particle collapse during combustion, is one of the most 
important concerns in biomass combustion as it contributes to the ultra fine particulate matter emissions, 
which are especially harmful to the human health. Particle fragmentation is a rather complex subject and 
the very few studies available in the literature have mainly concentrated on coal combustion. Xu et al. [1] 
examined the fragmentation of coal particles in a drop tube furnace (DTF) and reported that, in the final 
stages of the combustion process, particles tend to break and divide in more particles leading to a 
decrease in the particle mean diameter. Seames [2] used scanning electron microscope techniques to 
evaluate the fragmentation of coal particles and concluded that, as coal combustion occurs at constant 
diameter, the event of finding a collapsed particle may indicate particle fragmentation. It should be noted 
that, while coal burns at approximately constant diameter, biomass tends to retain its original desorbed 
shape during combustion, thus varying particle diameter during combustion [3]. This means that the 
evaluation of the particle fragmentation in biomass combustion using mean diameters or scanning 
electron microscope techniques may be inconclusive.  
Torrefaction is a pre-treatment that consists on exposing biomass to an inert atmosphere. Under these 
conditions hemicellulose is partially decomposed and, thereby, some low calorific volatiles are released 
from the raw biomass, thus enhancing the remaining biomass energetic potential. In this way, it is 
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possible to obtain new biomass fuels, whose properties range between biomass and coal [4-10]. One of 
the torrified biomass characteristics consists on its brittle nature, and therefore, more prone and easily 
breakable in milling processes [8]. Accordingly, it is important to understand whether torrefaction 
promotes particle fragmentation during biomass combustion. 
In this study biomass particle fragmentation is investigated based on the evolution of the burnout and 
particle matter (PM) concentrations and size distributions along a DTF for both raw and torrified biomass 
fuels (pine shells, olive stones and wheat straw). 
2. Materials and methods 
The DTF used in this study is described in detail elsewhere [11,12]. Particle sampling along the 
combustion chamber axis was performed with the aid of a 1.5 m long, water-cooled, nitrogen-quenched 
stainless steel probe [12]. Particle burnout data were obtained as follows: 
߰ ൌ ଵି
ഘ೑
ഘೣ
ଵିఠ೑
                                                                                                                                                     (1) 
where ߰ is the particle burnout, ௙߱ is the ash weigh fraction in the input biomass fuel, and ߱௫ is the ash 
weigh fraction in the char sample. 
PM concentrations and size distributions were made with the aid of a low pressure three-stage cascade 
impactor (LPI, TCR Tecora). PM was sampled isokinetically from the centreline of the combustion 
chamber in five axial positions of the DTF (300, 500, 700, 900 and 1100 mm from injection position), 
using the water-cooled, nitrogen-quenched stainless steel probe referred to above. The LPI used allowed 
collecting three particulate cut sizes during the same sampling: PM with diameters above 10 μm (PM10), 
PM with diameters between 2.5 μm and 10 μm, and PM with diameters below 2.5 μm (PM2.5).  
The solid fuels studied in this work included raw and torrified pine shells, olive stones and wheat straw. 
All raw biomass fuels were sieved to 1 mm size and the particle size distribution was measured using the 
Malvern 2600 Particle Size Analyzer. The biomass fuels were then torrified in an insulated stainless steel 
container through which 3 L/min of nitrogen at 310 ºC passed during 1 hour. During the process the 
biomass temperature varied between 280 ºC and 300 ºC. Table 1 shows the characteristics of the raw and 
torrified biomass fuels, along with those of a United Kingdom bituminous coal for comparison purposes. 
Note that particle size distribution of the torrified biomass fuels were similar to those of the raw biomass 
fuels as indicated by the measurements performed with the aid of the Malvern Analyser.  
In this study, measurements were carried out for all biomass fuels for DTF wall temperature of 
1100 ºC, and inlet air at room temperature. The solid fuels feed rate was around 23 g/h and the total air 
flow rate was 4 L/min. 
3.   Results and discussion 
Figure 1 shows the particle burnout data obtained for all biomass fuels, both raw and torrified, at 
1100 ºC. The data for pine shells and olive stones were taken from Costa et al. [13]. Fig. 2 shows that the 
pine shells present the highest levels of burnout, as compared with olives stones and wheat straw. The 
figure also reveals that the wheat straw presents lower particle burnout values than the olive stones in the 
first half of the DTF, but the olive stones present higher values than the wheat straw near the exit of the 
DTF. 
According to Fig. 1c) for the raw wheat straw the char combustion stars at x = 900 mm, while for torrified 
wheat straw the char combustion starts at x = 700 mm. This is due to the volatiles release during 
torrefaction, which leads to an earlier onset of the char combustion process for the torrified biomass. 
Similar observations are valid for the olive stones, which are fully discussed in reference [13]. 
Figure 2 shows the PM concentrations for all biomass fuels studied, both raw and torrified. PM 
concentrations are divided in particles sizes above 10 μm (PM10), between 10 μm and 2.5 μm (PM2.5 – 
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PM10), and below 2.5 μm (PM2.5). For pine shells the total PM concentrations are lower than those for 
the olive stones and wheat straw due to the lower pine shells ash content (cf. Table 1). 
Table 1. Characteristics of the raw and torrified biomass. Coal is included for comparison purposes. 
Parameter Pine shells Olive stones Wheat straw Coal Raw Torrified Raw Torrified Raw Torrified 
Proximate analysis 
(wt%, as received) 
                         Volatiles 
                         Fixed carbon 
                         Moisture 
                         Ash 
 
 
58.9 
25.9 
13.9 
1.3 
 
 
69.4 
27.6 
1.0 
2.0 
 
 
57.8 
19.7 
9.4 
13.1 
 
 
60.6 
23.1 
0.3 
16.0 
 
 
64.9 
11,5 
8,9 
14,7 
 
 
55.0 
24.0 
0.9 
20.1 
 
 
44.6 
51.4 
1.7 
2.3 
Ultimate analysis 
(wt%, daf) 
                         Carbon 
                         Hydrogen 
                         Nitrogen 
                         Sulphur 
                         Oxygen 
 
 
47.8 
5.6 
0.3 
0.0 
46.3 
 
 
54.4 
5.5 
0.4 
0.0 
39.7 
 
 
43.2 
5.6 
1.9 
0.0 
49.3 
 
 
47.8 
5.1 
2.3 
0.0 
44.8 
 
 
39.4 
5.2 
0.5 
0.0 
54.9 
 
 
44.0 
4.3 
0.8 
0.0 
50.9 
 
 
79.3 
5.9 
1.9 
0.5 
12.4 
High heating value (MJ/kg) 18.82 23.52 17.54 20.67 19.0 19.4 35.04 
 
Figures 2a and 2b reveal that for the raw pine shells PM under 10 μm at x = 900 mm represent 10.9% of 
the total PM and at x = 1100 mm correspond to 24.6%, while for the torrified pine shells PM under 10 μm 
at x = 900 mm represent 17.9% and at x = 1100 mm account for 32.1%. However, the particle burnout 
data show little increase from x = 900 mm to x = 1100 mm; specifically from 98.4% to 98.9% for the raw 
pine shells and from 97.8% to 99.4% for the torrified pine shells at x = 900 mm and 1100 mm. This 
indicates that, near the exit of the DTF, particles strongly reduce size despite burnout almost remaining 
constant. In this case it is clear that particle fragmentation occurred, leading to a reduction in particle size 
and a higher concentration of smaller particles. 
Figures 2c and 2d show that for the raw olive stones PM under 10 μm at x = 900 mm represent 6.5% of 
the total PM and at x = 1100 mm correspond to 6.9%, while for torrified olive stones PM under 10 μm at 
x = 900 mm represent 4.8% and at x = 1100 mm account for 5.6%. Particle burnout data show an increase 
between these two axial positions from 90.8% to 93.8% for the raw olive stones and from 82.1% to 
86.1% for the torrified olive stones. In this case, near the exit of the DTF, the PM concentrations and 
distributions remain unchanged. It can therefore be concluded that for olive stones, both raw and torrified, 
particle fragmentation does not occur. It is interesting to note that beyond x = 700 mm the PM size 
distribution and concentration remain constant, which suggest the combustion of particles of olive stones 
take place at a constant diameter. 
Figures 2e and 2f show that for raw wheat straw PM under 10 μm at x = 900 mm represent 8.4% of the 
total PM and at x = 1100 mm account for 26.4%, while for torrified wheat straw PM under 10 μm at 
x = 900 mm represent 14% and at x = 1100 mm correspond to 34.5%. Burnout data show that between 
x = 900 mm and x = 1100 mm particle burnout increases from 84.3% to 87.3% for raw wheat straw and 
from 76.4% to 80.8% for torrified wheat straw This indicates that, near the exit of the DTF, particles 
strongly reduce size despite particle burnout increasing only slightly. In this case, it is clear that particle 
fragmentation occurred, leading to a reduction in particle size and higher concentration of smaller 
particles. For wheat straw particle fragmentation occurred more significantly than for pine shells. 
Furthermore, in the case of the torrified wheat straw, particle fragmentation is more severe as it generates 
more particles of smaller size than in the case of the raw wheat straw. 
4.   Conclusions 
(i) Pine shells present the lowest PM concentrations due to its lower ash content and highest burnout 
values; (ii) particle fragmentation does not occur during the combustion of raw and torrified olive stones; 
(iii) particle fragmentation occurs during the combustion of raw and torrified pine shells and wheat straw, 
but torrefaction promotes particle fragmentation only in the case of the straw. 
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Figure 1. Particle burnout profiles along 
the axis of the DTF. a) Pine shells, b) 
olive stones, d) wheat straw. 
Figure 2. Particle Size-classified PM concentrations along the 
DTF. a) Pine shells, b) torrified pine shells, c) olive stones, d) 
torrified olive stones, e) wheat straw, f) torrified wheat straw. 
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